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Abstract: Conductive nanomaterials affect anaerobic digestion (AD) processes usually by improving
methane production. Nevertheless, their effect on anaerobic communities, and particularly on specific
trophic groups such as syntrophic bacteria or methanogens, is not extensively reported. In this work,
we evaluate the effect of multi-walled carbon nanotubes (MWCNT) on the activity of two different
anaerobic microbial communities: an anaerobic sludge and a river sediment. Methane production
by anaerobic sludge was assessed in the presence of different MWCNT concentrations, with direct
methanogenic substrates (acetate, hydrogen) and with typical syntrophic substrates (ethanol, butyrate).
MWCNT accelerated the initial specific methane production rate (SMPR) from all compounds, with a
more pronounced effect on the assays with acetate and butyrate, i.e., 2.1 and 2.6 times, respectively.
In the incubations with hydrogen and ethanol, SMPR increased 1.1 and 1.2 times. Experiments with
the river sediment were performed in the presence of MWCNT and MWCNT impregnated with 2%
iron (MWCNT-Fe). Cumulative methane production was 10.2 and 4.5 times higher in the assays
with MWCNT-Fe and MWCNT, respectively, than in the assays without MWCNT. This shows the
high potential of MWCNT toward bioenergy production, in waste/wastewater treatment or ex situ
bioremediation in anaerobic digesters.
Keywords: methane; syntrophic degradation; multi-walled carbon nanotubes; anaerobic
sludge; sediment
1. Introduction
Anaerobic digestion (AD) is a multifunctional and flexible technology, offering solutions for
the treatment and management of a multitude of organic wastes, while allowing the production of
Appl. Sci. 2020, 10, 8184; doi:10.3390/app10228184 www.mdpi.com/journal/applsci
Appl. Sci. 2020, 10, 8184 2 of 13
renewable energy carriers [1–4]. The generated methane, after upgrading to biomethane, can replace
natural gas or be used for the production of electricity, combined heat and power, or chemicals [1,5,6].
In AD systems, the conversion of organic matter to methane relies on the coordinated activity
of several microbial groups [7,8]. After hydrolysis and acidogenesis, the majority of AD substrates
is converted, inter alia, to volatile fatty acids, (VFA, e.g., butyrate) and alcohols (e.g., ethanol) [7,8].
The degradation of these compounds is generally syntrophic, yielding acetate and H2/formate which
are the direct substrates for methanogens. Syntrophic reactions are dependent on the activity of
hydrogenotrophic methanogens or other H2/formate-consumers, in order to turn these reactions
thermodynamically feasible [9–11]. AD microbiomes are highly complex and maintaining a balance
among the activities of different trophic groups is difficult when transient conditions are applied [12].
The influence of conductive materials on AD processes, and particularly on methane production,
has gained attention during recent years [13–16]. These materials are reported to facilitate direct
interspecies electron transfer (DIET) in anaerobic microbial communities, a mechanism that can
prevail over indirect hydrogen and formate interspecies transfer [17–20]. Conductive materials are
redox mediators, useful for catalysis due to their stability, reacting with many organic and inorganic
compounds, and offering large surface areas [21,22]. For example, granular activated carbon (GAC)
was reported to enrich for methanogens and accelerate the onset of methanogenesis during a reactor
startup [21,23,24]. Other compounds, such as carbon cloth, graphite, and biochar were reported to
affect the microbial community’s composition, to enhance syntrophic ethanol metabolism, and methane
production in upflow anaerobic sludge blanket (UASB) reactors [25]. Also, multi-walled carbon
nanotubes (MWCNT) accelerated the methane production from butyrate in microbial enrichments [26].
MWCNT were also reported to accelerate methane production in pure cultures of hydrogenotrophic
methanogens [27], showing a direct effect of MWCNT on the activity of methanogens independently
of the occurrence of other mechanisms such as DIET. Additionally, conductive materials may also
enhance microbial activity by providing a support for biofilm growth, rather than by their conductive
characteristics [28,29]. On the other hand, carbon nanotubes (CNT) have also been reported as toxic,
reducing the microbial growth. For example, Kang et al. [30] demonstrated that single-walled CNT can
have a strong antimicrobial activity toward Escherichia coli, and MWCNT also decreased the microbial
viability and activity in UASB reactors [31]. Reduced methanogenesis or complete inhibition by other
conductive nanomaterials, such as ferrihydrite and carbon black, is also described [14,32].
Although there are several studies on the effect of conductive materials in anaerobic digestion,
there are still no reports on their application in full scale bioreactors, nor studies on economic or
environmental impact. In lab scale experiments, complex wastes such as real/synthetic wastewater,
sludge, food wastes, swine manure or leachate have been tested, but most studies were performed with
simple substrates, such as glucose, ethanol, or acetate [13–16]. While investigation on this topic still
requires research and development, it is also important to deeply understand the effect of these materials
on the activity of complex microbial communities which generate methane. In fact, the influence of
conductive nanomaterials on anaerobic microbial communities is still not well understood, particularly
their effect on specific groups of microorganisms such as syntrophic bacteria or methanogenic archaea.
These are key players in the metabolic cascade of reactions that ultimately leads to the conversion
of organic compounds into methane. In the present work, methane production from direct (acetate
and hydrogen) and indirect (butyrate and ethanol) methanogenic substrates by anaerobic sludge was
investigated in the presence of different MWCNT concentrations. Furthermore, the effect of MWCNT
on methane production by the indigenous microorganisms in a river sediment was assessed, to evaluate
the response of a different microbial community. Microbial communities in sediments are generally
diverse and metabolically flexible, and methanogenesis is commonly the terminal step of organic matter
mineralization in sediments [33,34]. Therefore, these constitute a completely different microbiome,
making it an excellent candidate to verify whether the same or different effects are observed in the
presence of MWCNT. MWCNT impregnated with 2% iron were also used in this experiment, as the
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impregnated nanomaterials present magnetic properties which may facilitate their recovery in applied
biological treatment processes [35].
2. Materials and Methods
2.1. Nanomaterials
Commercial MWCNT (NC3100TM, Nanocyl SA., Sambreville, Belgium), with 1.5 µm average
length, 9.5 nm average diameter and more than 95% carbon purity (according to the supplier’s technical
data sheet) were used in the experiments. A magnetic carbon-based nanocomposite MWCNT with
2% iron (% wt.) (MWCNT-Fe) was synthesized and characterized as described by Pereira et al. [35].
Briefly, the MWCNT sample is a mesoporous material and present a specific surface area of 283 m2 g−1,
while the CNT-Fe has a surface area of 266 m2 g−1. The slight decrease of the surface area is due to
the low amount of metal loaded. The MWCNT present neutral/basic properties and low amount of
oxygen-containing surface groups.
2.2. Effect of MWCNT on Methane Production by Anaerobic Sludge
Anaerobic granular sludge was obtained from an anaerobic digester of a brewery’s wastewater
treatment plant, located in the municipality of Vila Franca de Xira (Lisbon district, Portugal).
Sludge samples were collected by filling several 1.5 L bottles previously flushed with N2, and were
immediately transported to the laboratory at 4 ◦C. In the laboratory, the various samples were combined
in a single container, flushed with N2 and preserved at 4 ◦C. The granules were mechanically disrupted
and added to each vial at a final volatile solids (VS) concentration of 3 g L−1. Assays were prepared
as detailed by Holliger et al. [36], using the basal medium described by Alves et al. [37] with Na2S
(1 mmol L−1) instead of cysteine as reducing agent. Methane production was evaluated in 25 mL
serum bottles containing 12.5 mL basal medium, in the presence of MWCNT (0.5 g L−1 or 1.0 g L−1)
or in its absence, with acetate (30 mmol L−1), ethanol (30 mmol L−1) or butyrate (15 mmol L−1) as
substrate (Figure 1). Substrates were added after overnight incubation (37 ◦C, 120 rpm), and the
excess pressure was vented. The assays with butyrate received two substrate additions, since very
low activity was detected after the first butyrate addition (more than 10 days were necessary for
complete butyrate degradation). For that, after day 10 of incubation, the headspace of the bottles was
flushed with N2/CO2 (80:20% v/v) under sterile conditions, and 15 mmol L−1 of butyrate were added
again. Blank assays, without any added substrate, were also performed. Another set of assays was
prepared similarly, using 70 mL serum bottles and 12.5 mL basal medium (Figure 1), with H2/CO2
(80:20% v/v, 2.0 × 105 Pa) as carbon and energy source, and N2/CO2 (80:20% v/v, 2.0 × 105 Pa) as blanks.
All assays were performed in triplicate, and incubated at 37 ◦C, in the dark, with agitation (120 rpm).
Biogas production was monitored with a pressure transducer, which measured pressure variations
in the closed bottles [37–39]. These measurements were performed every hour, during the first eight
hours of incubation. For acetate and butyrate, since their degradation was slower, these measurements
were continued, at larger time intervals, until the recorded values of methane production reached
more than 50% of the theoretical (calculated based on the stoichiometry of the reactions presented
in Table S1). Methane percentage in the biogas and VS concentration were determined at the end of
the assays. Specific methane production rate (SMPR) was calculated from the highest slope of the
linear initial region of the cumulative methane production curve, divided by the mass unit of sludge
(in VS), and expressed as mL g−1 d−1. The values obtained were corrected for standard temperature
and pressure (STP) conditions [39].
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.3. Effect of MWCNT on Methane Production by the Indigenous Microorganisms in River Sediment
Sediment s mples w re collected in Ribeira da Granja, close to the Granja beach (Vila Nova de
Gaia, Portugal) (Figure S1). Samples were colle ted at 2–12 cm d pth at three different locations,
and immediately transported to the laboratory at 4 ◦C. Then, samples were thoroughly homogenized
sieved through a 5 mm sieve. The homogenous sieved sedi ent was characterized in terms of
organic matter content, total phosphat , iron(II) and total iron c ncentrations.
A bicar onate-buffered mineral salt medium was prepared as described by Stams et al. [40].
Anaerobic conditions were promoted by boiling the medium prior to distribution in serum bottles,
which wer furth r ealed with butyl rubber stoppers and aluminum crimp caps. The bottles were
flushed and pr ssurized with N2/CO2 (80:20% v/v, 1.7 × 105 Pa). Before inoculati n, the bottles were
supplemented with vitamins and trace nutrients [40]. No reducing agent was added.
Assays were set up in 220 mL serum bottles, containing sediment (25 g), anaerobic basal medium
(75 mL) and 0.5 g L−1 nanomaterial (MWCNT or MWCNT-Fe). Similar assays were set up without the
nanomaterials (w/o MWCNT). No carbon source was supplemented. A scheme of the experimental
proc dure applied is shown in Figure 1. Assays ere incubated at room temperature, in the dark,
without agitation. pH, oxidation-reduction potential (ORP) and methane concentration were measured
at day 31, 105, 169 and 199. Cumulative methane production values were corrected for STP conditions
and expressed per mass unit of sediment.
2.4. Analytical Methods
Methane was measured using a gas chromatograph (Shimadzu, Kyoto, Japan) equipped with a
flame ionization detector (FID) and a PoraPak Q column (80/100 mesh column, 2 m × 1/8 in, 2 mm,
stainless steel, WatersTM, Milford, MA, USA) with nitrogen and argon as carrier gases at 30 cm3 min−1
and 5 cm3 min−1, respectively. The injector, column and detector temperatures were 110 ◦C, 35 ◦C and
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220 ◦C, respectively. pH and ORP were measured with a pH probe (Jenway, Staffordshire, UK) and an
ORP probe (VWR, Radnor, PA, USA), respectively. Organic matter content/VS content was determined
as the weight difference due to ignition at 550 ◦C [41,42]. Total phosphate was quantified using cuvette
tests (Hach Lange, Düsseldorf, Germany) and a Hach Lange DR2800 spectrophotometer, after digestion
with HCl at 250 ◦C for 1 h, as described by Romero-Gonzalez et al. [43]. Iron(II) quantification
was performed as described in Lovley and Phillips [44]. Briefly, insoluble iron(II) present in the
samples was solubilized during 1 h contact with HCl (0.5 mol L−1). Total iron(II) was then quantified
spectrophotometrically at 562 nm after reaction with ferrozine in 50 mmol L−1 HEPES buffer at pH 7.5.
Iron(II) standards were prepared from ferrous ethylenediammonium sulfate. Total iron content was
measured in samples extracted with HCl (0.5 mol L−1) for 24 h. The acid extract was then reacted with
hydroxylamine-HCl (1.4 mol L−1), which reduces iron(III) to iron (II), after which the ferrozine method
was performed.
2.5. Statistical Analysis
The statistical significance of the differences detected in SMPR was evaluated for each substrate,
using single factor analysis of variances (ANOVA). Statistical significance was established at p < 0.05.
3. Results and Discussion
3.1. Effect of MWCNT on Methane Production by Anaerobic Sludge
The cumulative methane production curves obtained in the incubations with acetate and H2/CO2
are shown in Figure 2, and the calculated specific methane production rates (SMPR) are presented in
Table 1. The addition of MWCNT resulted in significantly faster (p < 0.004) methane production from
acetate relatively to the assay without MWCNT, i.e., 1.6 and 2.1 times higher SMPR were verified in the
presence of 0.5 g L−1 and 1.0 g L−1 MWCNT, respectively (Figure 2a, Tables 1 and 2). SMPR from acetate
correlated highly with MWCNT concentration, as shown by the calculated correlation coefficient of
0.998 (Figure S2). No lag phases preceded the onset of methane production (Figure 2a). Regarding
H2/CO2, SMPR increased circa 11% in the assays performed with 1.0 g L−1 MWCNT, when compared
to the assays without MWCNT (p < 0.03), but no significant effect was observed with 0.5 g L−1
MWCNT (Figure 2b, Tables 1 and 2). Similarly, other studies reported stimulated acetoclastic but not
hydrogenotrophic methanogenesis in assays with graphene (a planar representation of CNT) [45] or
MWCNT-Fe [46]. The enrichment of Methanosaeta and the improvement of acetoclastic activity was
also described in the presence of single-walled CNT [47] or biochar [48]. However, experiments with
pure cultures of Methanobacterium and MWCNT (5 g L−1) showed an increase in the initial methane
production rate of approximately 17 times [27], indicating that MWCNT positively affect the activity of
hydrogenotrophic methanogens growing in pure cultures. In our experiments, the beneficial effects of
MWCNT toward methanogens were more noticeable in the incubation with acetate than with H2/CO2.
Nevertheless, faster methane production from both substrates was verified, especially at the higher
MWCNT concentration tested, which shows the potential of MWCNT for increasing the efficiency of
AD processes.
The activity of syntrophic bacteria was indirectly assessed in this work, by monitoring the
methane produced from the degradation of ethanol (Figure 3a) and butyrate (Figure 3b). The SMPR
from ethanol increased 11% and 22% in the assays performed with 0.5 and 1.0 g L−1 MWCNT,
respectively, when compared to the assays without MWCNT (Tables 1 and 2), and a correlation
coefficient of 1.000 was calculated for SMPR vs MWCNT concentration (Figure S2). Ethanol oxidation
yields acetate and hydrogen/formate and is thermodynamically unfavorable at standard conditions
(Equation (1)—Table S1), becoming thermodynamically feasible when these compounds are consumed
by methanogens (Equations (3)–(5)—Table S1). MWCNT may have stimulated the activity of
ethanol-degrading syntrophic bacteria, or/and the activity of methanogens, overall enhancing
syntrophic ethanol conversion.
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Figure 3. Cu ulative ethane production (at STP conditions) in the assays amended with ethanol
(a) or butyrate (second addition) (b), in the presence of different MWCNT concentrations: 0 g L−1
(N), 0.5 g L−1 () and 1.0 g L−1 (•). Blank assays (no added substrate) are also shown (open symbols).
The results presented are the averages and standard deviations for triplicate assays.
The conversion of butyrate to methane took more than 10 days and no methane was produced
during the first three days, showing the very low butyrate degrading activity of the community
(Figure S3). Therefore, a second butyrate addition was performed, and the cumulative methane
production obtained is shown in Figure 3b. In the presence of 0.5 g L−1 or 1.0 g L−1 MWCNT, the SMPR
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increased 1.9 and 2.6 fold, respectively (Tables 1 and 2), and was highly correlated with MWCNT
concentrations (R2 = 0.997, Figure S2). The SMPR in the assays without MWCNT was as low as
18 ± 3 mL g−1 d−1, reflecting the poor butyrate oxidation ability of the sludge (Table 1; Figure 3b).
An increase of approximately 1.5 times in methane production was previously reported by Zhang and
Lu [26] in butyrate-oxidizing enrichments containing MWCNT (~0.25 g L−1), where Syntrophomonas
and Methanoregula were dominant. Also, faster butyrate conversion to acetate and methane by
Syntrophomonas wolfei in co-culture with Methanospirillum hungatei, in the presence of MWCNT,
was described [27]. In our experiments, the positive effect of MWCNT on the initial methane production
rate reflects an enhancement of the activity of syntrophic butyrate degrading bacteria, possibly due to
the direct stimulation of hydrogenotrophic methanogens (Equations (2)–(4) and (6)—Table S1).
The slope of the cumulative methane production curves changed after 20 h of incubation (Figure 3b),
and thus the SMPR for this period was also calculated (Table 1). These values increased with the
increase of MWCNT concentrations (R2 = 1.000, Figure S2), and are statistically higher (p < 0.03)
than in the experiments without MWCNT (Table 2). Considering that the sludge exhibited higher
hydrogenotrophic than acetoclastic methanogenic activity, this second period (t > 20 h) was probably
associated with the conversion of the acetate formed from butyrate oxidation, also pointing to a positive
effect of MWCNT toward the activity of acetoclastic methanogens, ultimately improving complete
butyrate conversion to methane (Equations (4) and (6)—Table S1).
The improvement of methane production by the presence of conductive materials was previously
attributed to their capacity to mediate electron transfer between fatty acid or ethanol consuming
bacteria and methanogenic archaea. In this study, both acetoclastic and hydrogenotrophic methanogenic
activities were enhanced in the presence of MWCNT which might have contributed to the faster ethanol
and butyrate conversion to methane. Overall, MWCNT accelerated methane production from all the
tested compounds, and this increase was higher with acetate and butyrate, for which the activity of the
sludge was lower.
3.2. Effect of MWCNT on Methane Production by the Indigenous Microorganisms in River Sediment
Since microbial communities may be differently affected by MWCNT, experiments were performed
with a river sediment. Faster conversion of the natural organic matter to methane was achieved in
the assays with MWCNT-Fe and MWCNT, relatively to the incubations without MWCNT (Figure 4).
Additionally, 10.2 times and 4.5 times higher cumulative methane production was achieved in the
presence of MWCNT-Fe and MWCNT, relatively to the absence of MWCNT (i.e., 130 ± 19 mL kg−1,
57 ± 26 mL kg−1 and 13 ± 7 mL kg−1, respectively, after 169 days—Figure 4). Therefore, the stimulatory
effects of MWCNT seem to be transversal to different microbial communities. These nanomaterials
may have directly stimulated the methanogens, as referred in the previous section and also in [27],
or accelerated interspecies electron transfers.Appl. Sci. 2020, 10, x 9 of 13 
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Low organic matter content (0.8 ± 0.1%) was quantified in the sediment, which is typical of
intertidal zones [33], and the slow methane production rate in the incubations without MWCNT
(Figure 4) highlight the recalcitrant nature of the sedimentary organic matter. Phosphate, iron(II) and
iron(III) concentrations were traceless. Since the culture medium did not contain sulfate neither nitrate,
the presence of an alternative electron acceptor other than bicarbonate was ruled out. pH values
were relatively constant over the time, varying between 6.7 and 7.1 in all the assays (data not shown).
ORP varied between −100 and −194 mV, and was higher (~45 to 50 mV difference) in the assays with
MWCNT-Fe, relatively to the other conditions tested (Figure S4). A similar effect was previously
reported for MWCNT in assays with pure cultures of methanogens performed without reducing
agent [27]. These authors described that the initial methane production rate increased with increasing
MWCNT concentrations, and the ORP also increased, up to –189 mV [27].
Different mechanisms can support the stimulatory effects of MWCNT, as described previously by
Pereira et al. [35]. In our assays, since MWCNT and MWCNT-Fe have similar textural characteristics
(i.e., BET surface area of 283 and 266 m2 g−1, respectively), the higher stimulatory effect of MWCNT-Fe
may be associated with the combined occurrence of different electron transfer mechanisms, including
electron transfer from the Fe (Fe2+) impregnated in MWCNT to the carbon of the composites, and then
to the final acceptor (i.e., CO2 reduction by methanogens), as represented in Figure 5. By receiving
electrons from the oxidation of the organic matter, iron regeneration will probably occur during the
process and act cyclically, accelerating the reaction rates. A similar mechanism was proposed by Pereira
et al. [35] for the reduction of the azo dye Acid Orange 10. In that work, the involvement of iron in the
mechanisms of electron transfer (represented as (3) and (4) in Figure 5) was demonstrated.
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Figure 5. Proposed mechanism of organic matter oxidation in the presence of MWCNT-Fe (based on [35]).
Three alternatives are depicted: electron flow from the organic matter oxidation by bacteria to the
methanogens, via H2/formate (1), or to the carbon of the composite, and then to the methanogens
(2); electron flow from the Fe2+ impregnated in the MWCNT to the carbon of the composite, and then
to the methanogens (3). Cyclical iron regeneration by electrons derived from the biological oxidation of
organic matter is also represented (4).
4. Conclusions and Future Perspectives
The effects of different conductive carbon materials on AD have been thoroughly studied in
recent years, but research gaps still exist, namely on the mechanism underlying these effects, and how
these materials influence different key microbial groups. The results obtained in this work show that
MWCNT accelerate methane production rates both from direct methanogenic substrates and from
typical syntrophic substrates. Hence, the activity of acetoclastic and hydrogenotrophic methanogens
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was enhanced in the presence of MWCNT, which might have contributed to the faster syntrophic
conversions of ethanol and butyrate. Additionally, faster and more extensive conversion of natural
organic matter to methane was achieved by the sediment’ native microbial community in the presence
of MWCNT-Fe and MWCNT. Therefore, the stimulatory effects of MWCNT is transversal to different
microbial communities, and appears to assume higher relevance when the microbial activity is lower
(e.g., the incubations with acetate and butyrate). Overall, by enhancing the activity of complex
methanogenic communities, the incorporation of MWCNT in AD processes will favor the application
of higher organic loads, as described before by Lei et al. [49] during anaerobic digestion of leachate,
and improve the efficiency of AD processes, speeding up slower bioprocesses. MWCNT addition to
AD processes treating solid wastes, wastewaters or performing ex situ bioremediation of contaminated
environmental matrixes thus represent a promising strategy for accelerating the recovery of their
bioenergy value.
Further studies are required to assess the environmental and economic impacts of these bioprocess,
including the costs of the anaerobic treatment process and the potential revenue of the generated
biogas, as well as the costs of the nanomaterials. In addition, current knowledge needs to be expanded
toward pilot scale and full scale experiments, and integrated with monitoring and control strategies,
targeting the control, recovery, and reuse of MWCNT in the biological processes. During the operation
of a UASB reactor for AO10 reduction, Pereira et al. [50] showed that MWCNT were efficiently retained
inside the continuous reactor. Moreover, MWCNT could be recovered at the end of the operation,
thus allowing their potential reuse. In another work [35], the same authors showed that due to the
magnetic character of MWCNT-Fe, these nanomaterials were easily removed from the media and
successfully applied in successive cycles of AO10 decolourization, without significant loss of their
catalytic performance during the cycles. This magnetic character facilitates the recovery of the material,
ultimately envisioning future applications in biological treatment processes.
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